Von Graefe' in 1859 was the first to diagnose occlusion of the central artery of the retina (OCAR) ophthalmoscopically, and he wrote a classical description of the appearance of the fundus which is still well worth reading. In spite of the tremendous amount written about OCAR since then the essential question of how long it takes for the retinal ischaemia to produce irreversible damage remains unanswered; so do many other related questions. The subject has been investigated experimentally in the rat, cat, rabbit, squirrel, monkey, and man.2-These studies gave conflicting results. Moreover, the methods of producing retinal ischaemia in no way duplicated clinical OCAR in man. For example, raising the intraocular pressure to supra-arterial blood pressure3-7 910 not only stops the retinal circulation but also stops the choroidal circulation,
Von Graefe' in 1859 was the first to diagnose occlusion of the central artery of the retina (OCAR) ophthalmoscopically, and he wrote a classical description of the appearance of the fundus which is still well worth reading. In spite of the tremendous amount written about OCAR since then the essential question of how long it takes for the retinal ischaemia to produce irreversible damage remains unanswered; so do many other related questions. The subject has been investigated experimentally in the rat, cat, rabbit, squirrel, monkey, and man.2-These studies gave conflicting results. Moreover, the methods of producing retinal ischaemia in no way duplicated clinical OCAR in man. For example, raising the intraocular pressure to supra-arterial blood pressure3-7 910 not only stops the retinal circulation but also stops the choroidal circulation, which almost never occurs in clinical OCAR. In all *A brief summary of this paper formed a part of the paper presented at the American Academy of Ophthalmology meeting on 7 November 1979 at San Francisco.
Correspondence to Dr S. S. Hayreh, Department of Ophthalmology, University of Iowa Hospitals and Clinics, Iowa City, Iowa 52242, USA. the previous studies the retinal integrity was evaluated either by electroretinography (ERG) or by histology, or in a few cases by both these techniques. In none of the studies was there a systematic evaluation of the retinal circulation by fluorescein fundus angiography or by fundus ophthalmoscopy during OCAR or serially thereafter during the follow-up period. It is well known that ERG, while a good indicator of the functional integrity of the photoreceptors and bipolar cells, does not give us any information about the functional status of the ganglion cells or most of the inner part of the retina, which is essentially the area involved in OCAR in man. Since it is vital for the management of this visually crippling condition to have exact information about the time that it takes for retinal ischaemia to produce irreversible damage, the present studies in rhesus monkeys were designed to find an answer to this important problem, using techniques which should duplicate as nearly as possible the natural occurrence of embolism in the CAR in man. In addition we wished to get more information on the transient acute retinal ischaemia caused by temporary OCAR, by ophthalmoscopic, angiographic, electrophysiological, and morpho-896 Lateral orbitotomy was performed under general anaesthesia, with intravenous Nembutal (pentobarbitone sodium), and complete surgical asepsis. Under an operating microscope the central artery of the retina (CAR) was exposed and isolated from the attached central retinal vein and sheath of the optic nerve near its entry into the optic nerve. A microclamp was applied to the CAR. No Optic disc circulation. Since the major blood supply to the disc is derived from the PCA circulation the disc showed a normal vascular filling of PCA origin (Figs. la, 2a) .
Retinal circulation. The detailed findings from each eye are given in Table 2 . A summary of the results follows.
(a) The cilioretinal arterioles. Six eyes showed the presence of cilioretinal arterioles extending temporally from the optic disc for , 3, i, 3, and i of the distance to the fovea, with 1 eye having the upper f of the retina supplied by the cilioretinal arteriole (Fig. 2) .
(b) The retinal arterioles. These started to fill from the optic disc in all except 7 eyes (Fig. 1) , starting anywhere from <4 to > 120 (38 ±56) seconds after the injection of intravenous fluorescein (Table 2 ). In 42 eyes the arterioles filled completely in the posterior retina (Fig. 2b) , taking from 3 to 275 (81 +65) seconds. In 14 eyes where the arterioles started to fill 14-100 (58132) se_onds after the injection, they showed a partial filling for only 1/2-2 disc diameters' distance from the disc margin in 65-376 (164+82) seconds (Fig. Ib) . There was no definite relationship between the time it took for the retinal arterioles to start filling (after the group.bmj.com on October 30, 2017 -Published by http://bjo.bmj.com/ Downloaded from intravenous injection of fluorescein) and the time that elapsed before the complete/partial filling was finished.
(c) The retinal capillary bed at the posterior pole. This filled completely in 9 eyes (in 16-280 (80±85) seconds) ( Fig. 3 ) and partially in 9 more eyes (in 64-220 (147±52) seconds). There were cilioretinal arterioles in 2 of the former and 2 of the latter group, while in the other 2 eyes with cilioretinal arterioles there was no appreciable filling of the retinal capillaries (Fig. 2 ). In the remaining eyes the fluorescein usually filled only the main retinal arterioles without any extension to their smaller branches.
(d) The retinal veins. There was no retinal venous filling except in 6 eyes. In 3 of these (Nos. 10, 42, 45) the veins filled completely (Table 2 ) and in the remaining 3 eyes (Nos. 3, 7, 57) retrograde filling of the retinal veins from the optic disc was seen (most probably due to some compression of the central retinal vein in the orbit of these eyes). It. After unclamping CAR. The retinal circulation was evaluated in all eyes immediately after unclamping the CAR. The time intervals between removing the clamp and the angiography varied in different eyes, but it was usually about 5 minutes after taking the colour fundus photographs (Table  4 
below).
In all the eyes the retinal circulation was restored to its normal preclamping state with normal On follow-up, in all but 2 eyes with retinal ischaemia up to 97-98 minutes, the retinal circulation remained perfectly normal throughout with retinal capillaries normally outlined; there was no other angiographic abnormality. In 2 eyes with 75 minutes' ischaemia, however, the retinal capillaries were poorly defined, and their overall population was reduced.
In eyes with retinal ischaemia of 105 minutes or longer the retinal capillaries and retinal pigment epithelium showed abnormalities. In the 2 eyes with OCAR for 21 hours (Nos. 56, 58) and fluorescein leakage soon after unclamping the artery the leak disappeared the next day. In eyes with retinal ischaemia of 4i hours' duration the fluorescein leakage seen in the macular region (see above) was either less or had almost vanished on the day following unclamping; it disappeared in all cases in 4-5 days, leaving normal filling of the retinal capillaries. In all eyes with retinal ischaemia of 105 minutes or more the retinal capillaries were normally outlined during the initial follow-up of 2-3 weeks, but after this period the capillaries were progressively less well outlined, though no localised capillary closure was seen in any eye. With longer followup it seemed that there was an overall narrowing of the capillary lumen, and their population was somewhat reduced (Fig. Sc) , and there was some delay in filling of the CAR (Fig. 4c) .
OPHTHALMOSCOPIC APPEARANCES I. During CAR clamping. Table 3 gives the details Experimental occliusiont of the central artery of the retina of findings in 26 eyes of the present series arranged in order of duration of retinal ischaemia. When the earliest fundus examination was performed, 7 minutes after OCAR, the posterior retina already showed a mild degree of opacity with a pale disc; the retinal vessels were full of blood and mildly cyanotic. Thirteen minutes after OCAR the picture was almost similar. In 3 eyes 15-16 minutes after OCAR the retinal opacity was of moderate degree with a pale disc. However, in 3 eyes 17-19 minutes after OCAR there was only a slight retinal opacity of the posterior pole with a normal-looking optic disc. In 4 eyes about 20 minutes after OCAR the retinal opacity varied from mild to marked with a pale disc, though on angiography there were no gross differences except that the eye with marked retinal cloudiness had no retinal circulation at all compared to some arterial filling in the rest. Twentyfour to 60 minutes after OCAR the opacity was marked in the posterior retina, with almost normallooking peripheral retina, and the disc was pale. Seventy minutes and longer after OCAR there was a severe degree of opacity of the posterior retina, with a pale optic disc (Fig. 6a) . The severity of retinal opacity increased with the increase in duration of ischaemia, and was usually greatest in the foveal zone, which in severe cases was swollen, and in some cases also showed wrinkling or other changes of the internal limiting membrane (ILM). The central foveola always showed a well-defined punched-out brown spot after an ischaemia of 20 minutes or longer with marked or severe opacity of the foveal retina (Fig. 6a) and not always so distinct a brown spot with moderate opacity; the brown spot is equivalent to the classical cherry red spot in OCAR in Caucasians. The retinal vessels showed narrowing (more marked in the arteries than in the veins) which was most marked with severe retinal opacity, so much so that in the latter group the arteries were reduced to extremely thin lines. The longer the ischaemia, the narrower the vessels became, most probably due to retinal oedema compressing the vessels. In eyes with severe opacity there was usually segmentation of the blood column ('cattle-trucking') in both arteries and veins-more often in the latter than the former. However some eyes showed the cattle-trucking with less marked opacity as well (Fig. 1) (Fig. 7) . In about 2-3 weeks the optic disc developed a slight pallor which did not progress.
(c) 105-270 minutes' retinal ischaemia. In all these eyes the retinal opacity and oedema worsened on the day after the unclamping of the CAR, compared to what was seen a few hours after the unclamping. The retinal changes started to resolve before the end of the first week, leaving retinal opacity mainly in the macular region and along the superior and inferior arcuate fibres, with some radial wrinkling of the ILM. The retinal opacity and wrinkling of the ILM cleared within 2, 2-3, and 3 weeks after the ischaemia in eyes with retinal ischaemia of 105, 135, and 270 minutes respectively, leaving an atrophic retina and attenuated retinal vessels. In the second or third week fine crystalline deposits developed in the retina, mainly in the macular region, in half the eyes with 105 minutes' ischaemia and in all the eyes with 135 and 270 minutes' ischaemia. These crystalline deposits cleared after variable time intervals, usually in about 2 months, but persisted in a few eyes even up to the end of follow-up (Fig. 8) . The detachment of the ILM in the foveal zone, seen in 3 of 5 eyes after ischaemia of 270 minutes, cleared in 4-5 weeks.
The optic disc started to develop pallor during the first week and marked optic atrophy was seen in the second or third week, without much change thereafter.
The retinal pigment epithelium showed granularity at the posterior pole in all eyes with retinal atrophy, i.e., 105 minutes' and longer ischaemia, and 2 eyes with 75 minutes' ischaemia. This usually developed gradually 3 weeks after the OCAR. It never developed into gross pigmentary disturbance.
(C) The final ophthalmoscopic appearance at the end offollow-up. This is given for each eye in Table  5 . In all eyes with retinal ischaemia of up to 97-98 Experimental occlulsion of the central artery of the retina minutes (except 2 eyes with 75 minutes' ischaemia) the retina was normal-looking ophthalmoscopically (Fig. 7b) . The optic disc was normal in all eyes except for a doubtful pallor of the disc in one eye with 90 minutes' ischaemia, and a slight pallor in 1, 1, and all 4 eyes with 52, 75, and 97 minutes' ischaemia respectively.
In 2 eyes with 75 minutes' ischaemia and in all eyes with ischaemia of 105 minutes or longer the retina and optic disc were markedly atrophic with attenuated retinal vessels; a few eyes showed fine crystalline deposits in the retina at the posterior pole (Fig. 8) . However, 2 (Nos. 50, 52) of the 4 eyes with 105 minutes' ischaemia showed a more or less normal-looking retina; but this is an ophthalmoscopic artefact and deceptive, because the optic disc was markedly atrophic.
INFLUENCE OF RESIDUAL RETINAL CIRCULATION ON RETINAL
RECOVERY/SURVIVAL TIME This is an extremely important consideration and was especially investigated in the present study. Table 2 summarises the fluorescein angiographic findings on residual retinal circulation in each eye. Tables 4 and 5 summarise the ophthalmoscopic findings in each eye soon after unclamping the CAR and at the end of follow-up, respectively. A comparison of Table 2 with Table 4 or 5 revealed no well-defined correlation. Consider, for example, the This lack of correlation was found almost throughout the series, so that neither the absence of retinal circulation, nor the filling of the main retinal arterioles (complete or partial), nor In the present study occlusion of the CAR near its entry into the sheath of the optic nerve by the clamp was complete and indubitable, and yet fluorescein angiography performed immediately after clamping the artery revealed a variable amount of residual retinal circulation in 89% of the eyes.
Hill,24 in 10 patients with OCAR seen j4 days after the onset of occlusion, found on fluorescein angiography normal retinal circulation in 3 eyes (in j, 1, 4 days), slightly delayed circulation in 3 eyes (in 1, 1, 2 days), delayed in 2 (in i, 1 day), and no filling of the CAR in 2 eyes (in l, 1I day). If eyes with permanent OCAR are followed up in patients25 26 or in rhesus monkeys with experimental occlusion,27 28 a slow restoration to almost normal retinal circulation is seen in almost all eyes within a few days after the occlusion. Thus, the presence of retinal circulation on fluorescein angiography in eyes seen a few hours or days after OCAR is no proof of nonoccurrence or incompleteness of the occlusion.
It appears that the residual retinal circulation or its restoration in OCAR is most probably due to the following 2 anastomoses.
(1) Cilioretinal capillary anastomoses. The optic disc is supplied essentially by the posterior ciliary arterial (PCA) circulation in the lamina cribrosa and prelaminar regions (Figs. la, 2a) One remarkable fact emerges from these 2 studies: in spite of angiographically proved complete occlusion of the CAR, it was not at all uncommon to find on ophthalmoscopy normal-looking retinal vessels, misleading an observer to believe that the retinal arteries had a normal or almost normal blood flow. This is a serious drawback in some of the observations reported in the preangiography era. Normallooking retinal vessels do not rule out a complete OCAR. This study for the first time also provides us information on the resolution pattern of retinal ischaemic changes on restoration of retinal circulation.
The cherry red spot, which is pathognomonic of OCAR (Fig. 6a) is due to the normal red colour of the retinal pigment epithelium (which is mostly responsible for the normal colour of the fundus) seen through the normal avascular zone of the fovea (not supplied by retinal circulation), which is not involved by the retinal ischaemia and consequently the retinal opacity, while the surrounding opaque retina masks the normal red colour of the fundus background.
The peripheral fundus (around the posterior retina) looks normal in OCAR. In this peripheral part the retina is thin, with a thin nerve fibre layer and sparse ganglion cells, so that choroidal blood supply is probably sufficient to maintain the structural integrity of the retina.
Retinal pigment epithelial degeneration of the posterior retina was seen in all eyes with ischaemic retinal atrophy in spite of normal choroidal circulation, usually developing gradually 3 weeks after a prolonged OCAR in this study and in our previous experimental studies27 28 and also seen clinically with similar lesions. The exact mechanism of the pigmentary degeneration is not known. Possibly, ischaemic destruction of the Muller cells has some role to play in this.
INFLUENCE OF RESIDUAL RETINAL CIRCULATION ON RETINAL RECOVERY/SURVIVAL TIME Watson34 very well reflected the prevailing view that if there is even a minimal retinal circulation after OCAR it is possible to obtain a considerable recovery in these eyes. The present studies clearly showed that the existence of any small residual retinal circulation after OCAR does not seem to protect the retina, presumably because of its very low oxygen tension. The duration of the retinal ischaemia was almost always the principal determining factor in the production of irreversible retinal damage, i.e., the longer the ischaemia the more marked the retinal damage. An occasional eye, however, showed variation from this pattern and represented a normal biological variation in response.
WHAT DOES REDNESS OF A NORMAL OPTIC DISC REPRESENT?
The present study provides important information on the subject. During OCAR the optic disc was almost always pale. The main source of blood supply to the disc is by the PCA circulation, with the retinal arteries supplying only the surface nerve fibre layer of the disc.25 29 In these eyes with OCAR angiography showed perfectly normal PCA circulation and normal filling of the prelaminar part of the disc (Fig. Ia, 2a) , and yet the disc was pale. Also in our recent experiments with rhesus monkeys a few minutes after all the PCAs were cut (but the CAR left intact) the optic disc remained perfectly normal in colour in the majority. A few showed some pallor, mostly of the temporal region, because of the PCA contribution to the surface nerve fibre layer capillaries in that region.2529 It appears, then, that the normal redness of the disc is essentially due to the filling of the capillaries in the surface layer of the disc and not due to its deeper vessels. This further confirms our previous observations that in a normal optic disc redness of the disc is not a true guide to its vascularity. 
